We report a theoretical study of Sb 2 S 3 , Sb 2 Se 3 and Bi 2 S 3 sesquichalcogenides at hydrostatic pressures up to 60 GPa. We explore the possibility that the R-3m, C2/m, C2/c and Im-3m phases observed in sesquichalcogenides with heavier cations, viz. Bi 2 Se 3 , Bi 2 Te 3 and Sb 2 Te 3 , could also be formed in the former compounds as suggested by recent experiments. Our calculations show that the C2/m and C2/c phases are energetically unstable in any of the three compounds and over the entire range of pressures examined. In contrast, the disordered bcc-like Im-3m phase is energetically stable at high pressures, but only the Sb 2 Se 3 phase does not show dynamical instabilities below 60 GPa. Our calculations show that the Pnma structure is the most energetically stable Sb 2 S 3 and Bi 2 S 3 phase at ambient pressure whereas, surprisingly, the R-3m phase of Sb 2 Se 3 is predicted to have the lowest enthalpy energy at 0 GPa, in contradiction to experimental evidence. Our calculations show that both Pnma and R-3m phases are dynamical and mechanically stable at room pressure. These results suggest that the formation of the R-3m phase in Sb 2 Se 3 could be feasible at close to ambient conditions. To aid its identification, we provide a theoretical crystal structure (lattice and atomic parameters) and complete infrared and Raman spectra for this phase.
Introduction
Since the identification of the trigonal tetradymite-like R-3m phases of Sb 2 becomes a topological superconductor around 10 GPa and 2.5 K, 15 and that it exhibits highly conducting spin-polarized surface states similar to Bi 2 Se 3 . 16 On the other hand, several theoretical studies of Sb 2 Se 3 assuming a R-3m tetradymite-like structure have suggested that it should undergo a topological quantum phase transition under compression, 17,18 which is claimed to have been observed in experiments at ~2 GPa.
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Furthermore, recent calculations suggest that tetradymite-like Sb 2 Se 3 may already be a topological insulator at ambient pressure. 20 Consequently, HP studies of these group-15 sesquichalcogenides are highly relevant to the research on topological states. analyse the linear compressibility using the computed stress tensors.
Results and Discussion

Structure of the Pnma phase
In order to verify the accuracy of our theoretical setup, we compared the equilibrium lattice parameters, bulk moduli and pressure derivatives calculated for the Similar results were obtained for the calculated lattice parameters of Sb 2 S 3 and Bi 2 S 3 . As shown in Table 1 , the calculated parameters for these two compounds agree with both experimental measurements 22,24,53-55 and with other theoretical results.
24,56
We note that calculations on 24 and Lundegaard et al. 54 and again in agreement with previous theoretical studies. 24 Moreover, these values are also close to those experimentally measured for the As-doped stibnite mineral. 
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It is worth noting that the above discussed values for the bulk moduli of the three isostructural compounds disagree with some previous calculations using the LDA functional and norm-conserving pseudopotentials, 61,62 which seem to give anomalously large overestimates compared to the experimental measurements. These works also predict notable deviations in the calculated lattice parameters compared to measurements, 61,62 although we have omitted these data from Table 1 for brevity.
Energetic Stability of Potential Competing Phases
Since our calculations on the Pnma phases were found to be in good agreement with experimental data, we proceeded to carry out a theoretical study of the Table   3 .
For all the three compounds, the enthalpy plots predict that i) the Pnma phase is energetically stable at ambient pressure, as expected from experimental measurements, and that ii) the bcc-like disordered Im-3m structure, which can be understood as a As observed, the T = 0 K energy barrier between the two phases is lower than the thermal energy (k B T ~ 25 meV at 300 K), as would be required for the phase transition to occur under ambient conditions. We therefore suggest that temperature effects may be an important factor in determining the stability ordering of the two phases.
Moreover the inconsistency found between the theoretical and experimental data can be based on yet another possibility: that the Pnma phase forms faster than the R-3m phase, under the usual synthesis conditions. In fact, the R-3m phase was not proposed in the pressure/temperature phase diagram prepared by S. Pfeiffer et al., 64 although this study did not attempt to vary the synthesis conditions at close to ambient pressure as the present calculations suggest. In any case, it is nonetheless noteworthy that our calculations indicate the R-3m Sb 2 Se 3 structure to be energetically competitive with the Pnma phase at close to ambient conditions. This raises the possibility that the R-3m phase could potentially be prepared, perhaps under slightly non-equilibrium conditions. In support of this, the existence of this phase at room temperature was suggested based on experimental results by Bera et al. 19 but has yet to be confirmed.
Dynamical and Mechanical Stability
Energetic stability is necessary, but not sufficient, for a phase to be synthetically accessible. Geometry optimization aims to minimize the energy and the forces on the atoms. However, in principle it is necessary also to check the phonon spectrum for imaginary modes that would indicate a hypothetical structure to be a potential-energy maximum (i.e. to check for dynamical instabilities). Similarly, mechanical instabilities, which can be checked by calculating the elastic-constant tensor, indicate that a given structure is unstable to particular deformations of the crystal lattice.
To assess the dynamical stability of the Im-3m phases of the three compounds at HP, we evaluated the phonon dispersion curves at 30 GPa -close to the transition pressures in Figure 2 - In order to assess whether the R-3m phase could potentially be synthesized in Sb 2 Se 3 at or close to ambient conditions, we also evaluated the dynamical and mechanical stability of this phase at 0 GPa. The calculated phonon dispersion curves for the R-3m and Pnma phases (Figure 4) do not show imaginary frequencies, indicating both phases to be dynamically stable under ambient conditions and confirming that, as implied by the energetics comparison, both phases could coexist.
We next proceeded to evaluate the mechanical stability of the Pnma and R-3m
phases of Sb 2 Se 3 by calculating and comparing the elastic tensors ( 
We note that elastic tensors of Sb 2 Se 3 have been previously calculated, 61 although as for the bulk modulus the components were overestimated. We believe a reason for the disagreement could be the low cut-off energy used in those calculations.
Lattice Parameters, Infrared and Raman Spectra of the R-3m phase
Our calculations show that the R-3m phase of Sb 2 Se 3 is energetically competitive with the Pnma phase and is both mechanically and dynamically stable, all of which suggest this phase should be at least metastable under ambient conditions.
To assist with the possible preparation of this phase, the calculated lattice parameters and atomic positions in our optimised zero-pressure R-3m structure are presented in Table 6 . We have also computed reference IR and Raman spectra to help identify spectral signatures that might distinguish it from the Pnma phase ( Figure   5 ). 21 The frequencies, irreducible representations and IR/Raman intensities associated with each of the zone-centre (Γ-point) vibrational modes are listed in Table 7 .
The inversion symmetry in the R-3m structure leads to mutual exclusion between the IR and Raman activity of the modes, with each spectrum being characterised by four bands. 29 The most intense Raman band occurs around 139 cm -1 (E g ), while a second prominent feature is predicted at ~204 cm -1 (A 1g ). Table 4 . Calculated elastic constants !" (GPa) of the Pnma and R-3m phases in Sb 2 Se 3 at 0 GPa. 
